A multifunctional cross waveguide is designed based on the photonic crystal structure and the liquid crystal material. The different states of the cross waveguide controlled by the electric field make its various functions possible, including a switch with a high extinction ratio, a splitter that divides the terahertz wave into the desired proportions, and a through or 90°turn waveguide. The plane wave expansion method is used to calculate the bandgap in the photonic crystals, and coupling mode theory is adopted to analyze and eliminate the reflection loss. The finite element method is used to get the proper distribution of the external electric field. The properties of the cross waveguide are simulated by the finite difference time domain method, and the results show that the cross waveguide is a multifunctional device with high performance characteristics.
INTRODUCTION
Techniques for terahertz (THz) generation and detection have generated great interest in the corresponding applications in THz sensing [1] , imaging [2] [3] [4] , and communication [5] . To realize these application systems, several components, such as THz switches, filters, and splitters, are indispensable. More attention has been paid to the THz splitter because of its key role in THz imaging and sensing [6] [7] [8] . One of the most attractive ways to split free-space THz waves was proposed by Homes et al. [9] , who suggested that a silicon beam splitter with a severalmillimeter thickness has the advantages of both longwavelength performance that extends well into the THz region and little polarization dependence. Research was also performed on a tunable THz splitter by Lin et al. [10] . Based on a phase grating with liquid crystals, this device can modulate the ratio of the zeroth-and first-order diffracted THz beams. Another component is the THz switch. As the vital component for THz time-domain spectroscopy and THz communication, the THz switch is widely used. Therefore, various approaches to achieve this function have been presented. The split ring resonator structure is a practical way to form the switch, and theoretical and experimental research was performed by Padilla et al. [11, 12] . In addition, Kleine-Ostmann et al. [13] reported an electrically controlled THz modulator that can be tuned by changing the electron density in a gated two-dimensional electron gas structure. All of these devices treat THz waves in free space.
Photonic crystals have been proved to be an effective way to confine the THz wave in the waveguide [14] , and various THz devices based on photonic crystals have been analyzed. By applying the multimode interference effect and self-imaging principle, Zhang et al. [15] designed a THz waveguide that can split the THz waves with different frequencies. Fekete et al. [16] used one-dimensional photonic crystals with a GaAs defect to modulate THz radiation. To achieve the dynamic control of THz transmission, tunability of the photonic crystals bandgap is an instrumental feature. An effective method is to infuse liquid crystal into the photonic crystals, and relevant research has performed successfully in visible light frequencies [17, 18] . For THz waves, recent research also proves this possibility both theoretically [19, 20] and experimentally [21] .
In this paper, functions of both the switch and the splitter are achieved by only one cross waveguide, and the confinement of the THz wave in the waveguide makes this device more stable, less sensitive to external perturbation, and easier to control. As a switch, the cross waveguide can transform itself to different states. When it behaves as a splitter, every branch of the waveguide is opened, and the resonator in the center of the cross waveguide divides the THz wave into the desired proportions without backward reflection. Besides its splitter state, it also has the through state and the turning state, where the THz wave exports only in the through branch or one of the side branches. To achieve all of these states, the finite element method (FEM) is used to simulate the distribution of the external electric field. The cross waveguide is not simply a conjunction of four switches. When it converts the splitter state to the through state, the THz wave in the side branches is reflected back to the resonator to enhance the transmission ratio in the through branch. Moreover, since the structure is based on the photonic crystal waveguide, the connection of this device to com-mon photonic crystal waveguides will not introduce much coupling loss.
THEORETICAL ANALYSIS AND DESIGN OF WAVEGUIDE
A. Basic Structure for Cross Waveguide A waveguide can be formed by a line defect in twodimensional photonic crystals. In this paper, periodic silicon rods with refractive index 3.42 [22] in THz frequencies are used to form the photonic crystals, and nematic liquid crystal 5CB is injected between the rods. To get the proper fill factor r / a, where r is the radius of the silicon rod and a is the lattice constant, the plane wave expansion method is used to calculate the band map with the variation of the fill factors. By examination of the band map, the radius of silicon is set to be 0.16a. As shown in Fig. 1 , when the liquid crystal is in its ordinary refractive index 1.53 [19] , there is a relatively large bandgap for the TM mode (the electric fields of this mode are parallel to the silicon rods), and when the liquid crystal is in its extraordinary refractive index 1.76, there is no bandgap. So by using an external electric field, we change the refractive index of 5CB and thus control the band structure of the photonic crystals.
Because of the scaling properties of Maxwell's equation, the values of lattice constant a is not defined in the simulation process, and all other structural parameters are based on a. To get the specific values of all the structural parameters, the value of a is calculated after the simulation: the dimensionless frequency ͑a /2c͒ is set to be 0.31, which satisfies the following three requirements: first, it is in the bandgap when the switch is open; second, it is the mode in the photonic crystals when the switch is closed [ Fig. 2 
B. Coupling Mode in the Resonator
In the theoretical model [ Fig. 3(b) ], the center of the cross waveguide is treated as a resonator. If the branches do not match well, they will create a large reflection loss in the input branch. So coupling mode theory is utilized to eliminate this loss [23, 24] . According to coupling mode theory, there is an oscillating field in the resonator. The external input enhances the power in the resonator, and the loss in the resonator reduces the power. The resonator is described as follows:
where E, 0 , t, 1/ i , and S +i are the amplitude of the resonant mode, the resonant frequency, the time, the amplitude decay rate, and the input wave amplitudes of branch i [23] , respectively. In the cross waveguide, the loss is caused by the output of the resonator. The output power in the branch i can be calculated as follows:
In the cross waveguide, power is input only into branch 1, so S +2 = S +3 = S +4 = 0. The reflection and transmission ratio can be calculated as follows:
Equation (5) shows that to achieve zero reflection the incident wave should be at the resonant frequency and the rate match condition should be satisfied as follows: Moreover, according to Eq. (6), the decay rate also affects the transmission rate. So the splitting ratio should be taken into consideration when the decay rate is calculated. In this structure, the desired splitting ratio is Combining Eqs. (7) and (8), we get One method for changing the decay rate is to introduce extra rods in the waveguide [23] ; so silicon rods are added in the interface between the waveguides and the resonator [ Fig. 3(a) ]. Simulation results have shown that the larger the rod's radius is, the more intense an impending effect that it applies on the branch, and thus the smaller the decay rate becomes. So to get the ratio in Eq. (8), the extra rods' radii are set as 0.0928a for the rod in the through branch and as 0.1472a for rods in the side branch.
C. Design of External Electric Field
An external electric field is used to change the refractive index of 5CB. In each state, the refractive index of 5CB in the opened branch is 1.53 and in the shut branch is 1.75. The copper plates, which are incorporated into the plane on the photonic crystal, function not only as electrodes but also as spacers to anchor the 5CB molecules [25] . When there is no electric field, the 5CB molecules are parallel to the silicon rods because of the anchoring effect, so the polarization direction of the TM mode is in the principle plane, and the THz wave is an e ray. When there is an electric field, the molecules become perpendicular to the silicon rods, so the polarization direction of the TM mode is perpendicular to the principle plane, and the THz wave is an o ray. The FEM is used to simulate the distribution of the electric field. As shown in Fig. 3(a) , there are four electrodes, and each electrode is in the shape of an "L." The two arms of the electrodes are long enough to cover the 14 periods of silicon rods, and the distance between two opposite electrodes is 1063 m. We use FEM to simulate the electric fields and potentials in different states (Fig. 4) , and the silicon rods are taken into account in the simulation. The finite difference time domain method is used to simulate the direction of liquid crystal (Table 1) , the liquid crystal molecules are parallel to the y axis and thus perpendicular to the silicon rods [ Fig. 3(a) ].
When the voltage is zero, the liquid crystal molecules are parallel to the electrode. In the splitter state, the potentials of the upper-left and the lower-right electrodes are +6 V, and the potentials of the upper-right and the lowerleft electrodes are −6 V ( Table 1) . A problem still exist in the center of the cross waveguide: the field in the center is less than the other regions; so it is not strong enough to redirect the 5CB molecules. However, the following analysis shows that this problem can be solved. Figure 5(b) shows that when the voltage is between 1 and 2.3 V the direction of the 5CB molecules change quickly, so we assume that above 2.3 V, which equals 2200 V / m in this structure, the direction of 5CB is parallel to the external field and the refractive index changes to 1.53. Because we use a larger voltage in the splitter state than in the other states, the region in which the electrical field is less than 2200 V / m and incapable of redirecting the 5CB molecules is inside the circle marked in the center of the cross waveguide. We can see from Fig. 4(a) that the radius of this region is less than the radius of the center resonator, and since there is no silicon rod in this region and the bandgap does not need to be formed here, the variation of the refractive index in this small region will not influence the property of the whole waveguide. In the through state, the electric field between the upper electrodes and the lower electrodes is asymmetric because of the projecting parts in the corner of the upper electrodes [ Fig. 3(a) ] and the difference in potentials (Table 1) . So the contour, which indicates E ex = 2200 V / m, tilts sideways [ Fig. 4(b) ]. According to our previous analysis, we assume when the electric field is above 2200 V / m, the 5CB's molecules are parallel to the external electric field, and thus the refractive index for the TM mode is 1.53. When the external electric field is less than 2200 V / m, the refractive index of the TM mode gradually changes to 1.76. Therefore, with refractive index 1.53 on one side and 1.76 on the other side, the 2200 V / m contour behaves as a mirror that reflects some of the THz wave back to the through branch. A similar method is used to get the proper electric field intensity to stimulate the desired refractive index distribution in the turning state.
SIMULATION RESULTS AND DISCUSSION
The finite difference time domain method is used to analyze the property of the cross wave guide. There are two assumptions for our analysis. First, we consider this device to be infinite in the z direction [ Fig. 3(a) ], and, for practical considerations, the scale of the device can satisfy this assumption when it is ten times the photonic crystal lattice constant. Second, since the imaginary part of the refractive index of 5CB is rather small at THz frequencies, this material is considered lossless [29] . A source with normalized amplitude is placed at the entry of the input waveguide. For practical use, this device should be connected with other waveguides; so the source is put inside the input branch to eliminate the coupling loss. Several monitors are allocated in different places to get statistics for the electric field and the power. First, the source is set to be pulsed to get the frequency response of each branch. As is shown in Fig. 6(a) , the reflection loss is almost zero, and the splitting ratio is ideal at 1 THz. In contrast, for Fig. 6(b) , in which there is no extra silicon rod, the reflection loss is enormous and the splitting ratio is also disturbed. These results show that coupling mode theory is applicable for this device. We also get the Q factor of the cavity by calculating the decay time of the pulse. The Q factor is 0.015.
Second, a continuous THz source is used to get the transmission ratio of each branch at 1 THz (Fig. 7) . The regions indicated by the solid lines represent the change of refractive index, and these regions are set according to the contour for E ex = 2200 V / m in Fig 4. In the shut state, less than 0.30% of the power is detected in each output branch; so most of the power is reflected back or leaks out. In the splitter state, the power in the through branch is 50% of the input power, and each side branch shares 24% of the input power. Compared with the shut state, the extinction ratios ͓−10 log͑P off / P on ͔͒ of the through branch and two side branches are 22.2, 19.2, and 19.2 dB, respectively. In the through state the power in the through branch is 75%, so the isoline functions well as a mirror that reflects 50% of the power in each side branch back to the through branch. The extinction ratio in this state is 24.0 dB. In the turning state the power in the opened side branch is 41.84%, and the extinction ratio is 21.4 dB.
Third, we adjust the radii of the extra rods in the resonator to get different splitting ratios. The results are shown in Table 2 . The reflection loss from the resonator has been eliminated for different split ratios.
CONCLUSION
We have used a plane wave expansion method to design and analyze two-dimensional photonic crystal waveguides and utilized coupling mode theory to eradicate the reflection loss in the resonator. Furthermore, the FEM has been used to analyze the external electric field and to get the desired distribution of liquid crystal refractive index.
By simulating the distribution of the external electric field, we have analyzed the feasibility of changing from the shut state to the open, through, or turning states, and the directions of liquid crystal molecules are calculated to prove our analysis. A finite difference time domain simulation has been performed to measure the waveguide properties. The simulation results prove the applicability of coupling mode theory to this device. In the conversion from the splitter state to the through state, 50% of the THz wave in the side branch is concentrated into the through branch to enhance the transmission ratio. This result demonstrates that the cross waveguide not only functions as a splitter but also increases the power in the selected outlet when only one branch of output is needed. Simulation results also have shown that, as a switch, the waveguide's extinction ratio reaches 24.0 dB. 
